Electrode graphite powder beds were interposed between anode and cathode as intermediate electrodes inside an electrolytic setup. Due to electrostatic shielding they eliminate the applied electric field and therefore stop the electromigration of ions within their mass. It was found that the intermediate electrodes can act as ionic current sinks-ion concentrating compartments and therefore cause a new type of a membrane-less electrodialysis/electrodeionization process.
INTRODUCTION
Heavy metal contamination of the environment has received extensive attention in the last decades due to increased discharge, their toxicity and non-biodegradable properties. Cobalt may accumulate in microorganisms, aquatic flora and fauna, which in turn, may enter into the human food chain and cause health problems.
The permissible limits of cobalt in the irrigation water and livestock waste water are 0.05 and 1.0 mg L 21 respectively, while, in drinking water, the upper value is only 2.0 mg L 21 .
Cobalt is a ferromagnetic metal with a large application in industry such as production of corrosion-resistant alloys for aircraft engines, magnets, pigments and catalysts in many chemical processes e.g. hydroformylation of olefins.
It is also used in electroless plating and the electroplating industry with properties similar to nickel regarding appearance, hardness and resistance to corrosion. Cobalt bearing industrial effluents generated either in the production stage or in the application stage are mainly tailings from hydrometallurgical plants, pickling and electroplating rinse liquors and spent catalyst solutions.
In recent years several treatment methods have been suggested for the removal of cobalt from aqueous waste streams such as adsorption on low-cost minerals (Triantafyllou et al. 1999) , biosorption (Ahmadpour et al. 2009; Bhatnagar et al. 2009) , ion exchange on supported liquid membranes (Verbeken et al. 2008) or on chelating doi: 10.2166/wst.2010.547 resins (Deepatana & Valix 2006) , membrane or micellarenhanced ultrafiltration (Ferella et al. 2007; Cojocaru et al. 2009 ), flotation-microfiltration (Koutlemani et al. 1994) , electrowinning (Chaudhary & Grimes 2007 ) and electrodeionization (Yeon et al. 2003) .
Electrodeionization is the removal of ions and ionizable species from water or organic liquids. It uses permselective ion exchange membranes and an electrical potential to cause ion transport and may be operated batch wise, or continuously. Electrodeionization is an emerging environmental green technology.
Membrane electrodeionization processes exhibit the known limitations associated with membranes, such as membrane fouling, scaling and concentration polarization.
Furthermore, these processes can not avoid the precipitation of bivalent metal hydroxide occurring at the resins interface and the anion exchange membranes (Linkov et al. 1998; Semmens et al. 2001; Chamoulaud & Belanger 2005) .
Improvements with new configuration of the electrodeionization membrane stack to overcome the undesirable hydroxide precipitation have been reported (Feng et al. 2007) . Ion exchange membranes are troublesome and expensive. For these reasons the application of electrodeionization has been limited in wastewater treatment. Eliminating use of membranes may help in drastically reducing the production and operation cost of the electrodeionization process.
In our previous works (Dermentzis 2008; Dermentzis et al. 2010) we have shown that electrostatic shielding electrodialysis/electrodeionization can be realized by means of electrostatic shielding zones-ionic current sinks ESZs-ICSs instead of permselective ion exchange membranes.
The present paper offers a new alternative way of a membrane-less coupled electrodialysis/electrodeionization process for removal of cobalt or other heavy metal ions from aqueous solutions.
The proposed new process differs from classical membrane electrodialysis-continuous electrodeionization processes in that it does not use any permselective ion exchange membranes and therefore it does not exhibit the above mentioned membrane associated limitations.
It also differs from the membrane-less batch wise operated capacitive deionization (Gabelich et al. 2002; Zou et al. 2008) in that it is a continuous process i.e. diluate and concentrate are received from separate and unchanged compartments.
Therefore, unlike capacitive deionization, no down time for alternating electrode saturation, regeneration and rinsing steps are needed.
The objective of this work is to separate a cobalt salt containing aqueous solution into a small-volume concentrate of the cobalt salt that can be recycled to the electroplating bath and into a low-TDS diluate (electrodialysis) or into pure deionized water (electrodeionization).
In this way, a closed-loop process with water and materials recycling and no liquid discharge to the environment would be achieved. 
MATERIALS AND METHODS

Electrodes
Separators
The cell compartments are separated from each other by ion conducting porous organic polypropylene separators S (Celgard 3407) which prevent intermixing of solutions without obstructing the migration of ions in the electric field.
Cells
The self-made electrodialysis cell illustrated in Figure 1 contains four ICSs serving as ion traps and ion concentrating compartments, three diluate compartments between them and two electrode compartments, all placed in parallel. Each compartment is 8 cm long and 7 cm wide.
The ICSs have a thickness of 5 mm and an effective area of 50 cm 2 each. The area of each ICS is equal to the vertical cross-section area of the electrolytic cell. All compartments are separated from each other by the separators S.
The distance between two successive ICSs and also between the ICS and the adjacent end-electrode is 10 mm and is determined by the ion conducting separators and spacers.
The separators are sealed so that the different compartments do not communicate hydraulically with each other but only electrically (ionically) through the electric field.
Each ICS has a bipolar function and belongs simultaneously to two adjacent diluate compartments as in bipolar electrochemical double layer supercapacitors (Kotz & Carlen 2000) . 
RESULTS AND DISCUSSION
Electrostatically shielded ion concentrating
compartments-ESZs, ICSs
Current sinks and sources are local currents from a location where they can be detected into a location they can not be detected (current sink) or vice versa (current source).
However, all known current sinks are related to electronic current sinks (ECSs). As far as we are aware no other paper except for our previous works has been reported in literature dealing with ICSs and electrostatic shielding based electrodeionization.
It is known from electric field theory and Faraday cage (Young & Freedman 1996) that, when a conductor is placed inside an electric field, an opposite field is formed so that the original electric field in the interior of the conductor is canceled. The field intensity inside the conductor is zero and its whole space is electrostatically shielded independent on the external field intensity (Faraday cage). Therefore, an abrupt potential jump is formed between the inside and the outside of the conductor. Since in an electrolytic or an electrodialysis cell ion migration is caused by the applied electric field, it will stop within an electronically and ionically conducting ICS of zero field, interposed between the anode and cathode.
The ESZs become ion concentrating compartments while the adjacent compartments become ion diluting compartments. The ESZ acts here as a "sink" for ions and ionic currents (ICS). The ionic current (real direction) is eliminated at the cathodically polarized side of the ICS (current sink) and appears again at its anodically polarized side (current source). We introduced for the first time in literature the terms "ion sink", "ionic current sinksource", "electrostatic shielding electrodeionization" and "membrane-less electrodialysis" for electrodeionization applications.
Co 2 þ and SO 22 4 ions can move inside the ICS but only by diffusion and convection and not in field direction. The concentrate compartment ICS is never saturated with the accumulated ions. Because of the electric field its two shortcircuited sides become polarized and saturated with oppositely charged ions but at the same time they are discharged and release the same ions because of shorting.
The thickness of the ICS plays a significant role for purification, regarding the electron transfer redox reactions between the two polarized sides of each ICS inside the electric field. The thicker the ICS the higher the potential difference between its two polarized sides inside a given electric field. If this potential difference exceeds the electrochemical decomposition potential of water or other Table 1 .
In 40 min. the concentrations of Co 2 þ , Ni 2 þ and Zn 2 þ ions fell to 2.66 £ 10 24 , 3.169 £ 10 24 and 2.828 £ 10 24 M respectively. The proposed process shows satisfactory removal efficiency for all three heavy metals with a slight preference for cobalt followed by zinc and nickel. Feed water permeates first the CR and then the AR resin to be deionized. Therefore, pH inside the central ICS drops with time.
The electrodialysis and electrodeionization processes were evaluated in terms of percent removal (pr), current efficiency (ce) and enrichment factor (ef), which were calculated from the Equations (1-3) respectively:
where C 0 and C are the inlet and outlet concentrations of Co 2 þ ions in the diluate compartments and C c in the concentrate compartment respectively (moles L 21 ), z the ion charge, F the faraday constant (96,453 A s), Q the flow rate (dm 3 s 21 ), and I the current (A). In the continuous mode at the three constant current densities 20, 30 and 40 A m 22 (Figure 4 ) the corresponding current efficiencies are 22, 26 and 29%, the flow rates 1.54 £ 10 24 , 2.37 £ 10 24 and 4.06 £ 10 24 dm 3 s 21 diluate stream and the enrichment factors 13.5, 18.6 and 26.1 respectively. Co 2 þ ion concentration in the central concentrate compartment could be increased to 595, 818 and 1,145 mg L 21 respectively. Best Co 2 þ removal was achieved at the current density of 40 A m 22 .
CONCLUSIONS
The proposed membrane-less electrostatic shielding based coupled electrodialysis/electrodeionization process showed interesting capability to treat synthetic cobalt electroplating rinse water and produce pure water with a Co 2 þ ion concentration of less than 0.1 mg L 21 and a cobalt salt condensate which could be recycled to the plating bath. It shows capability of removing also other heavy metals, such as nickel and zinc. The process does not exhibit the known limitations associated with membranes such as concentration polarization, membrane fouling and scaling. It needs further research to be developed into a new alternative electrochemical method of heavy metal removal and waste water remediation.
